ABSTRACT: Coherent interconnection of quantum bits remains an ongoing challenge in quantum information technology. Envisioned hardware to achieve this goal is based on semiconductor nanowire (NW) circuits, comprising individual NW devices that are linked through ballistic interconnects. However, maintaining the sensitive ballistic conduction and confinement conditions across NW intersections is a nontrivial problem. Here, we go beyond the characterization of a single NW device and demonstrate ballistic one-dimensional (1D) quantum transport in InAs NW crossjunctions, monolithically integrated on Si. Characteristic 1D conductance plateaus are resolved in field-effect measurements across up to four NW-junctions in series. The 1D ballistic transport and sub-band splitting is preserved for both crossingdirections. We show that the 1D modes of a single injection terminal can be distributed into multiple NW branches. We believe that NW cross-junctions are well-suited as cross-directional communication links for the reliable transfer of quantum information as required for quantum computational systems. KEYWORDS: Nanowire, conductance quantization, quantum network, ballistic transport E xercising the full power of quantum information technology requires systems that maintain ballistic charge transport across many functional parts and connections. Compared to the linear increase in classically connected devices, the accessible state space in a system of full quantum connectivity increases exponentially with coherent constitutes, whereas long-range interactions provide instantaneous control on the encoded information.
E
xercising the full power of quantum information technology requires systems that maintain ballistic charge transport across many functional parts and connections. Compared to the linear increase in classically connected devices, the accessible state space in a system of full quantum connectivity increases exponentially with coherent constitutes, whereas long-range interactions provide instantaneous control on the encoded information. 1 Furthermore, nonlocal correlations enable one to store data globally, protecting it from local perturbations. 2, 3 This makes quantum networks particularly interesting for communication, computation, and metrology. A possible physical implementation of that kind is a semiconductor nanowire (NW) network, 3 comprising individual NW devices that are coupled by ballistic interconnects. The most distinct applications of these one-dimensional (1D) networks would be in quantum computing based on Gatemons, 4, 5 Majorana Fermions, 6−9 Parafermions 2,10 and Cooper pair splitters.
11−13 But they could also find potential applications in spintronic components, 14 ballistic transistors 15 and nonlinear circuit elements. 16 Electrical transport experiments on single III−V semiconducting NW channels have recently given direct evidence of 1D confined ballistic electron transport through the observation of quantized conductance plateaus. 17−25 Each plateau scales on integer multiples of G 0 = 2e 2 /h, corresponding to the (de-) population of a single 1D mode with e denoting the electron charge and h being the Planck's constant. Moreover, spin qubit manipulation, 26 Gatemon operation, 4 and the existence of Majorana Fermion quasiparticles, 6−9 that is, the building blocks of topological quantum computing, have been demonstrated. However, despite continuous progress in material growth it has proven very challenging to link individual NWs such that their 1D quantum nature translates into more complex networks; suppressing scattering is key. Therefore, electronic 1D quantum states can not be transmitted through conventional metallic interconnects. Reliable transfer of quantum information imposes stringent requirements on the connecting component to maintain the coherence of the 1D states. 27, 28 The most basic proposed scheme for such an interconnection is a NW crossjunctions. Partially ballistic transport in top-down fabricated InGaAs 29 NW cross junction up to room temperature, tunable via gate voltage, has recently been reported and similar performance has been achieved in III-nitride 30 heterostructure-NW-crosses. Still, the observation of plateau-like 1D conductance quantization in such NW cross-junctions has been elusive so far in part because In x Ga 1−x As and III-nitride exhibit relatively high effective masses. Another recently developed promising approach to enable ballistic 1D transport is within multiterminal NW junctions focused on either depositing catalysts particles on already grown NWs, followed by a second growth step, 28, 31 or by merging NWs in situ. 27, 32, 33 Although 1D quantization in these InAs 27, 32, 34 and InSb 28 devices should in principle be observable, current multiterminal NW devices suffer from defects and geometry issues due to limited control about positions, size, and shape at the intersection. Such methods are also difficult to scale up to larger networks. The transport in NW devices is very sensitive to the surface quality and therefore special care must be taken regarding passivation and protection. Consequently, a major step toward the technological implementation of NW-based quantum components is to combine single NWs and ballistic cross-junction interconnects with precise control of shape and surface quality, as well as to provide first demonstration of 1D quantum transport in these systems. In this work, we have fabricated InAs NW cross-junctions, using template-assisted selective epitaxy (TASE), 35−37 providing geometric control and intrinsic surface protection through a SiO 2 template. The 1D quantum transport is maintained over four gated NW cross junctions in series. Length-dependent studies reveal ballistic transport over distances as far as 800 nm and quasi-ballistic transport with a mean free path of (930 ± 50) nm in longer InAs NW channels at 4 K. We show that the transport features are independent of crossing-direction along the [110]-axis of the InAs crystal and that the 1D modes of a single injection terminal can be distributed into multiple NW branches. This demonstrates that the implementation of single ballistic 1D NWs into complex network architectures is possible. The applied fabrication method is scalable to larger wafer size and fully compatible with main-stream silicon technology, providing a foundation for the development of NW-based quantum electronics.
The devices are prepared using the TASE process flow (see Supporting Information (SI) for details). III−V material is grown in prepatterned SiO 2 templates that define the geometry and layout of the NW structure, here single NWs and NW cross-junctions. This allows for controlled placement and intentional branching of the NW devices. Metal−organic chemical vapor deposition (MOCVD) is then used to epitaxially deposit InAs within the templates from (100) Si seeds. The growth parameters are chosen such that each individual branch is pointing in the (110)-axis of the InAs crystal. However, we note that the TASE method permits the growth of nanostructures in any crystal direction in principle. A global back gate allows the control of the Fermi energy E F during the transport measurements. Evaporated metal electrodes act as source-drain contacts to measure the current response I to a voltage bias V bias (Figure 1a ). To solely obtain the conductance of the NW channels, all data shown is corrected for series resistances of (6.7 ± 0.4) kΩ (SI Figure 3) , accounting for the contacts and leads of the devices. Please note that the template is only removed at the points of electrical contacts, providing in situ passivation of the NW surface along the transport channels. Data for two types of InAs NW devices are presented that we prepared on two different wafers: Type I devices ( Figure 1b ) exhibit multiple cross junctions between a two-terminal electrode configuration. The NW cross-section is 28 nm × 40 nm and the gate-oxide is 150 nm thick. Type II devices ( Figure 1c ) exhibit a single junction, where each terminal is contacted to a metal electrode. The spacing between opposite electrodes is 300 nm and the NW cross-section is 20 nm × 50 nm. The gate SiO 2 oxide is 300 nm thick. Of the 34 devices investigated, 30 show well-defined conductance plateaus (yield >85%). The devices are randomly distributed over (2 cm × 2 cm) large chips. There is no difference in yield between type I and type II devices. The Hall mobility of the template-protected devices at room temperature is 6200 cm 2 V −1 s −1 (SI Figure 4) , similar to nonprotected devices with 5400 cm 2 V −1 s −1 . 35 However, when the SiO 2 template is removed, the conductance plateaus at 4 K are suppressed (SI Figure 5) . Instead, oscillations occur that indicate the formation of random coulomb barriers due to impurities and trapped charges at the surface. 38 First, we verify that TASE-grown single InAs NWs with no side arms attached exhibit ballistic 1D quantum transport (left panel of Figure 1 b ). This is done by performing conductance measurements as a function of gate voltage V gate at a fixed bias of V bias = 1 mV on a type I device and T = 4 K. As shown in Figure 1d , we observe conductance plateaus at integer multiples of G 0 , consistent with ballistic 1D-confined charge transport. Quantum transport in single NWs has been studied in detail and such conductance steps are considered as hallmark for 1D sub-bands. 17,22−24 Next, we turn to investigate the quantum transport in a NW cross-junction with the same channel profile (type I) as the single NW, but with two side arms attached at an intersection. Again, a conductance measurement is employed as a function of V gate at fixed bias voltage. Note that for now the two side arms are kept floating. In principle, a cross-junction poses a potential source of scattering, detrimental to the transmission of 1D modes. Geometric, electronic, and material defects at the intersection can modify the injected electron beam, distributing the charge carriers from the source terminal into all attached NWs. Narrowing the drain terminal, may cause reflection 39 as well as subsequent scrambling effects 39 and the locally reshaped confinement potential at the crossing-point could lead to unintentional Coulomb blockades. 38 In any case, the 1D transport characteristic would be suppressed, compared to a single NW channel. However, as exemplified in Figure 1d , the G−V gate curves of the cross-junctions match the single NWtrace very well and we observe the same distinct features of ballistic 1D transport. The NW intersection is sufficiently transparent to allow for unhindered transmission of 1D modes. Consequently, the transport across multiple NW interconnects should not be dominated by the number of nodes in the transport channel but rather by the mean free path λ of charge carriers determined by the channel between the junctions. A crucial test is then to evaluate the height of the conductance plateaus as a function of channel length l in the quasi-ballistic limit. For a λ-limited 1D system, the inverse conductance value of the nth plateau G n −1 scales linearly with l as G n −1 = G n,0 −1 (1 + l/λ), 18, 40 where G n,0 denotes the fully ballistic conductance value of the nth plateau n·2e 2 /h. We therefore prepare NW devices of type I with various length and number of nodes in the transport channel (Figure 2a ). The measured conductance is shown in Figure 2b . Extracting the height of the plateaus as a function of channel length (Figure 2c ), fully ballistic transport up to l = 800 nm across one junction is obtained. The plateau resistance G n −1 of longer channels increases linear with increasing l as expected for a single NW channel and crucially not with the number of cross-junctions (see SI Figure 7 for cross-check). Linear fits to our measurement data reveal a mean free path of (930 ± 50) nm. Importantly, as seen in Figure 3b ,f, the 1D ballistic transport is independent of crossing direction, indicating ballistic cross-directional 1D transport.
To further exclude that the intersections of the crossed NWs affect the quantum transport, we perform bias spectroscopy, which provides direct insights into the energy structure of the devices. Comparing the spectroscopic cross-directional data of a type II junction (Figure 3a−h) with that of a single NW of type I (Figure 3i−l) , we do not obtain any significant differences between their energy subtexture. Both devices reveal similar quantization on multiple integers of G 0 , at low bias voltage (V bias ) that evolves into half-plateaus of intermediate values at high V bias (Figure 3c,g,k) . Such half-plateaus arise when the two chemical potentials in source and drain contacts occupy different sub-bands. As most apparent in the transconductance g = dG/dV gate (Figure 3d,h,l) , diamond-like structures are formed, which tips reflect the spacing between the corresponding sub-bands i and j: Δϵ i,j = eV bias,tip . Comparing the experimentally extracted sub-band position, relative to the first band, we find not only (1) the formation of conductance plateaus but also (2) that the spacing of the energy levels is independent of the transport direction across the junction and (3) that the energy levels trace the sub-band-splitting of a single NW very well. Although the quantum confinement is expected to be size-dependent, the relatively similar size of the NW cross sections of type I (1120 nm 2 ) and II (1000 nm 2 ) allows for a quantitative comparison within the measurement error. In agreement with our previous study on single NWs, the subband spacing of the cross-junctions follows a simple infinitepotential-well model. 40 The NW junctions, hence, sustain ballistic transmission of 1D modes, when the side-arms attached are floating.
An important check for actual network applications is whether the 1D state transmission is robust under simultaneous cross-directional operation. Compared to the case with floating side arms, the potential landscape in the cross-junction may be locally distorted when the side arms are contacted, because of different lateral working biases that could distract the trajectory of the injected electrons. To verify this, a potential of +500 μV is applied to terminal A and B and a potential of −500 μV is symmetrically applied to terminal C and D (Figure 4a ), thus sending ballistic charge carriers across from A to C and from B to C (see SI Figure 10 for a measurement scheme). As shown in Figure 4a , we observe that the current signal measured at the inputs (I A , I B ) and outputs (I C , I D ) of the device essentially follows the same step-functional shape as the signal transmitted with floating side arms with plateaus close to the expected values for G n,0 . We do observe a slight substructure on the plateaus, probably due to minor lateral quantum mechanical cross-talk. Despite the presence of stacking faults that run along the [111] direction of the crystal, 36 we do not observe an anisotropy in the transport of the cross-junction, indicating a uniform electronic material. These results are consistent with our previous study at room-temperature. 35 In contrast, previous reports on predominantly zinc blende InAs NWs with extended wurtzite segments have shown signatures of barriers in the electrical transport. 41 We believe that the relatively high density of one stacking fault per nanometer rather creates an effective band structure in our NW devices. Apparently, the NW crossjunctions allow for simultaneous cross-directional quantum information transfer.
Next, we test if the 1D modes from a single input terminal can be distributed into multiple NW branches. For this experiment I B is also set to −500 μV. In this configuration, the observed first and the second sub-band are still transmitted across the junction (Figure 4b ) but the current signal measured at the output situated across the port of input (I C ) is suppressed. This is because around 20% of the input signal is transmitted into the lateral branches of the NW cross. The fraction of the signal that is transferred to these outputs (I B , I D ) is almost symmetric and still carries the steplike 1D information on the input terminal, indicating scattering into the laterally attached terminals. This collimation effect is probably caused by a deformation of the potential profile by the lateral voltage loads, 42 compared to floating side-terminals. As dictated by charge conservation, the experimental data reveals I A = I B + I C + I D . The observed features are in qualitative agreement with quantum mechanical simulations of an InAs nanocross, for which details can be seen in the SI. This is an important crosscheck, confirming the results and interpretation above. It also excludes that the observed quantization originates only from a local pinning point in the NW channel. Lateral voltages seem thus to enable the distribution of 1D modes from a single injection terminal into complex NW networks. However, care must be taken during simultaneous cross-directional operation regarding ballistic cross-talk. The details of which will depend on the specific material, cross-section of the NW channel, shape of the corners. and angle between the NW branches, requiring further investigations.
We conclude that NW cross-junctions are well suited as cross-directional communication links for the reliable transfer of quantum information across ballistic 1D networks and thus for building a computational system that maintains quantum rules across multiple connected nodes. The advantage of the TASE method for quantum network design, compared to conventional NW grow techniques, are the precise control about placement, size, branching, scalability, and control about the crystal orientation of the individual branches. Moreover, TASE provides in situ surface passivation as well as the monolithic integration of III−V quantum networks on Si. The future experiments involving magneto-transport studies to investigate the g-factor of these 1D materials are anticipated. Apart from the ballistic transfer of 1D quantum states across a single node, we believe there is an important advantage in the option to connect several NW junctions in series. A system of quantum connectivity, as opposed to classical connectors in between functional parts, provides an exponentially larger state dimension for computation.
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